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Abstract — A double asymmetric induction in intramolecular C-H insertion
reaction of chiral, non-racemic o-diazo amides has been explored with the aid of
dirhodium(Il) tetrakis[N-phthaloyl-(R)- or (§)-phenylalaninate], Rha(R- or §-
PTPA)4, as a homochiral catalyst. The combination of a-methoxycarbonyl-o-
diazoacetamide (13) with Rha(S-PTPA)4 provides an 85:15 mixture of the desired
3-oxa-1-azabicyclo[4.2.0Joctane derivative (14) and its diastereomer (15), which,
upon reduction with LiBH4 and subsequent ready separation, leads to a key
intermediate for the synthesis of 1B-methylcarbapenem antibiotics. Doyle-
Taber's C-H insertion model coupled with the solid state structure of Rha(5-
PTPA)4 confirms the observed diastereomer preference.
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Since the discovery that installation of a -methyl substituent at C-1 of the carbapenem skeleton

enhances chemical and metabolic stability, an enormous amount of effort has been devoted to the
stereocontrolled synthesis of (3S5,45)-3-[(R)-1'-[(tert-butyldimethylsilyl)oxylethyl}-4-[(R)-1-carboxy-
ethyljazetidin-2-one (1) possessing the required four contiguous stereogenic centers, a pivotal precursor

to 1B-methylcarbapenem antibiotics (e.g., rneropencrn).l’2 Most of the reported syntheses of 1 have

commenced with commercially available (3R,4R)-4-acetoxy-3-[(R)-1'-(tert-butyldimethylsilyloxy)-

ethyl]azetidin-2-one (2), wherein many innovative tactics for a stereocontrolled introduction of the -

methyl group have been devised. While the most popular and successful methods have relied on aldol-

type condensation of 2 with properly designed chiral and achiral metal enolates of propionic acid

derivatives,>* there have been developed several alternatives involving reduction of olefinic precursors
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tDedicated to Professor Teruaki Mukaiyama on the occasion of his 73rd birthday.
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of 1,57 reduction of a hexacarbonyldicobalt-stabilized propargyl cation,? decarboxylation of malonic
acid derivatives,’ and asymmetric hydroformylation of 4-vinylazetidin-2-one derivative.!?

Independently of these strategies, we recently reported a highly enantioselective construction of 3-oxa-1-
azabicyclo[4.2.0]octane derivative (4) by intramolecular C-H insertion of o-methoxycarbonyl-oi-
diazoacetamide (3) catalyzed by dirhodium(II) complexes incorporating N-phthaloyl-(S)-amino acids,
which leads to the key azetidin-2-one (7) for the synthesis of 1B-methylcarbapenems (Scheme ."! For
a closely related cyclization, it was also demonstrated that switching the o.-substituent of the diazo
carbon from a methoxycarbonyl group to a synthetically more advantageous acetyl group provided no
asymmetric induction [eqn. (1)]. In this context, of particular interest was an alternative approach

developed by Brown and Southgate.]2 They previously reported that Rhp(OAc)4-catalyzed C-H
R N q W 1. LiBH,4 H H
2 m Rho(S-PTPA), : 2. recrystallization :
| N, Oro N o - N O —— {+}-P5-6 {1}
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5. Hp, 10% Pd-C

8a: R = CO,CH3 Sa: 89% (90% ee) 68% 10
8b: R = COCH, gb: 84% (0% ee) (R =CO2CH3)

insertion reaction of an optically active a-diazoacetoacetamide (11) bearing a methyl group at C-5 of the
tetrahydro-1,3-oxazine ring system proceeded with high diastereoselectivity, but the preferred cyclization
product was the undesired diastereomer (12) [eqn. (2)]. As a solution to this problem, we were now
intrigued by the feasibility of a double asymmetric induction by means of homochiral dirhodium(II}
carboxylates. 13,14
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Armed with our findings, we explored cyclization of an optically active o-methoxycarbonyl-o-
diazoacetamide (13) using dirhodium(II) tetrakis[N-phthaloyl-(R)- and (S)-phenylalaninate], Rha(R-
PTPA)4 and Rhy(S-PTPA)4, as homochiral catalysts and Rhp(OAc)4 as an achiral catalyst.'> A set of
experiments were carried out in CH2Cly in the presence of 5 mol % of catalyst at 23 °C. The sense and
degree of diastereoselection were determined by 'H NMR analysis of the crude product. The desired
product (14) showed two small coupling constants of 2.4 Hz (Ja' 51¢) and 2.7 Hz (Jg¢ 5¢), whereas the
undesired diastereomer (15) displayed a large axial-axial coupling constant of 11.2 Hz (J4'a.53) and a
small axial-equatorial one of 4.6 Hz (J4'e’5'a).]6 In the present reactions, no trace of 6',7'-cis isomers
could be detected. The results are presented in Table 1. As expected from the precedent set by Brown

Table 1. Diastercoselective C-H Insertion Reaction of o-Methoxycarbonyl-o-diazoacetamide (13)

Rh(1) catalyst
j'—N O CH,Cly, 23°C

0 6
13

entry Rh(ID) catalyst  time, h % yield®  14:15”

I Rhy(OAc), 18 75 25:75
2 Rhy(R-PTPA), 18 77 2:98
3 Rhy(S-PTPA), 24 47 85:15 Jrage = 2.4 Hz Jyasa=11.2 Hz
Jreso= 2.7 H Jrosa = 4.6 Hz
« Combined yield of 14 and 15. *Determined by 'H NMR analysis PPyl e 1.7 Hz
of the crude product. SRR -(CHa)s-

and Southgatvs:,12 the catalysis of 13 using Rhy(OAc)4 provided the undesired diastereomer (15} as the
major product, wherein the ratio of 25:75 was much smaller than that observed with 11. This result,
together with our previous findings described above, suggested that combinations of 13 / Rhn(R-PTPA)4
and 13 / Rho(S-PTPA)4 should constitute matched and mismatched pairs, respectively. Indeed, the
choice of Rhy(R-PTPA)4 afforded a mixture of 14 and 15 in an exceptionally high ratio of 2:98. To our
delight, even a mismatched pair using Rhy(S-PTPA)4 was found to bring about a reversal in the inherent
diastereoselection in this system to resuit in a ratio of 85:15 favoring the desired product (14), albeit in
modest yield. It is worthy of note that the chirality of the dirhodium(II) catalysts rather than that of the
substrate (13) dictates the stereochemical course of this process.

Separation of 14 from 15 was difficult so that the mixture (14:15=85:15) was directly reduced with
LiBH4 to give readily separable alcohols (5) and (16) [eqn. (3)]. The alcohol (5), mp 159-160 °C, [o]p2!

HH HH
Rhy(S-PTPA)4 {5 mol %) 1. LiBHg4, THF  HO : HO™ ™
13 14 + 15 EE———— N. O + N_. O (3)
CH.Cl,, 23°C, 24 h 2. separation o O
47% (14:15 =85:15) Cj
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+17.0° (c=0.79, CHCl3) {lit.,!! mp 159-160 °C, [a]p25 +16.9° (c=1.06, CHCI3)}, exhibited identical
spectroscopic data with those of a sample obtained in the previous work,!! which confirmed the
correctness of the foregoing stereochemical assignment.

The stereochemical outcome of C-H insertion reaction of 13 with the aid of Rh(OAc)4 can be explained
by the Doyle-Taber's mechanistic hypothesis, wherein it is requisite that the rhodium(Il)-carbene bond is
aligned with the target C-H bond in a transition state,! 718 Assuming that planarity of the amide bond
could be maintained during the C-H insertion reaction,]g’20 four competing transition states (A)-(D) can
be presented (Scheme 2). Plausible cyclizations via the transition states (B) and (D), which lead to 6',7'-
cis isomers, can be ruled out due to their high energy boat-like conformation. The high preference for
the transition state (A) over the transition state (C) is understandable by considering the steric repuision
between the axial methyl group on the tetrahydro-1,3-oxazine ring and the dirhodium(il) framework in
C, leading to the predominant formation of 15 in accord with the observed diastereoselection. It is
noteworthy that the computational method developed by Taber estimates the transition state (A) to be

favored by 3.3 kcal/mol compared to the transition state (C)'i&z()

13
| Rhy(OAC)s (5 mol %), CHaCly, 23 °C

0] o

o
NS

o]

—=Rh
B (+10.9 kcal/mol}

Rh : dirhodium(Il) framework

Scheme 2

We may also explain the stereochemical course of double asymmetric C-H insertion reaction catalyzed
by Rh(S-PTPA)4, provided that the solid state structure of Rha(S-PTPA)4, established as the bis(4-zert-
butylpyridine)adduct by a single-crystal X-Ray structural analysis,m is available in solution (Figure 1).
The notable feature of this structure is that two phthalimido groups in a pair of adjoining ligands are
oriented to an axial coordination site of each octahedral rhodium. Looking down into the Rh-Rh axis,
the chiral environment around the rhodium(II) center can be divided into four quadrants, of which two

(the second and third quadrants) are occupied by the protruding phthalimido groups.22 In other words,
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C, axis

Rhy{S-PTPA), Rho(R-PTPA),

{All hydrogen atoms except those attached Schematic representation of Rho(S- and R-PTPA),
to the stereogenic centers are omitted.)

Figure 1. Crystal structure of bis(4-tert-butylpyridine) adduct of Rh,(S-PTPA},4

this structure model has Co symmetry-like conformation with the phthalimido groups aligned in a
"down-down-up-up" arrangement. Taking account of the foregoing transition states (A) and (C), two
transition states (E) and (F) can be presented where the ester group and the tetrahydro-1,3-oxazine ring
system undergoing C-H insertion are accommodated in less crowded first and fourth quadrants (Scheme
3). Since the steric repulsion between the methyl group and the dirhodium(ll) framework in F is less
severe than that between the N,0-acetal moiety and the phthalimido group in E, the former is favored
over the latter, providing the desired diastercomer (14) as the major product. A similar argument can be
well applied to the case with Rha(R-PTPA)4, wherein two transition states () and (H) can be presented.
Clearly, the transition state () without considerable steric repulsion is preferred over the transition state

(H), thereby leading to the virtually exclusive formation of 15 as observed.

Rho(5-PTPA)4 Rho(R-PTPA},
(5 mol %) (5 mol %)

13 i 13
CH,Cly, 23°C * CH,Cly, 23 °C

Scheme 3
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In summary, we have demonstrated that the chirality of Rhy(S-PTPA)4 can bring about a reversal in the
inherent diastereoselection in C~H insertion reaction of an optically active a-methoxycarbonyl-o-
diazoacetamide (13). The significance of this process has been verified by the formal synthesis of a key
intermediate for the synthesis of 1B-methylcarbapenems. It is also worth noting that Doyle-Taber's C-H
insertion model coupled with the solid state structure of Rha(S-PTPA)4 predicts the observed

diastereomer preference.

EXPERIMENTAL

General. Melting points were determined on a Biichi 535 digital melting apparatus and are uncorrected.
Optical rotations were measured on a Jasco DIP-370 digital polarimeter. IR spectra were recorded on a
Jasco FT/IR-5300 spectrophotometer. NMR spectra were measured with JEOL JNM-AL 400 ( TH at 400
MHz and 13C at 100 MHz) spectrometer, with tetramethylsilane (3 0.0, 1H) or chloroform-d; (3 77.0,
13C) as an internal standard. Electron impact MS spectra (EIMS) were obtained on a JEOL IMS-DX
303 spectrometer, operating with an ionization energy of 70 eV. Fast atom bombardment MS spectra
(FABMS) were obtained on a JEOL JMS-HX 110 spectrometer. Column chromatography was
performed on Merck silica gel 60, 70-230 mesh. Computational analysis was carried out according to
the published method.!820  p-Acetamidobenzenesulfonyl azide?? and (R)-3-amino-2-methyl-1-
propan0124 were prepared according to literature procedures.

Methyl (R)-2-Diazo-3-[3-methyl-1-oxa-5-azaspiro[5.5]undecan-5-yl]-3-oxopropanoate (13). A
mixture of (R)-3-amino-2-methyl-1-propanol (1.07 g, 12.0 mmol) and cyclohexanone (1.20 g, 12.0
mmol) in toluene (50 mL.) was refluxed for 6 h under azeotropic removal of water. The solution was
cooled to rt, and N,N-dimethylaniline (1.82 g, 15.0 mmol) was added to the solution. A solution of
methyl chloroformylacetate (1.80 g, 13.2 mmol) in toluene (10 mL) was added to the mixture at 0 °C.
After 1.5 h of stirring at this temperature, the reaction was quenched by addition of Et3N (1.52 g, 15.0
mmol), and the whole was partitioned between AcOEt (100 ml.) and water (50 mL). The separated
organic layer was washed successively with saturated NaHCO3 solution (3 x 20 mL), water (2 x 20 mL),
and brine (2 x 20 mL), and dried over anhydrous NapSOy4. Filtration and concentration in vacuo
furnished the crude product (4.5 g of orange oil), which was purified by column chromatography on
silica gel (50 g) with hexane-AcOEt (4:1) to give methyl (R)-3-[3-methy}-1-oxa-5-azaspiro[5.5]undecan-
5-yi}-3-oxopropanoate (2.12 g, 71%) as colorless needles; mp 60.2-61.3 °C ({PrpO-hexane); [a]p?®
+24.7° (¢=1.00, CHCI3); IR vmax (Nujol): 1740, 1640, 1200, 912, 733 cm-i; TH NMR (CDCl3) 8: 0.96
(d, J = 6.6 Hz, 3H, C3-CH3), 1.15-1.81 (m, 8H, cyclohexane), 2.08-2.27 (m, 1H, C3-H), 2.57-2.68 (m,
2H, cyclohexane), 3.11 (dd, J = 9.2, 12.5 Hz, 1H, C2-H), 3.25 (dd, /= 7.3, 11.9 Hz, 1H, C4-H), 3.33 (dd,
J = 5.3, 12.5 Hz, 1H, C2-H), 3.40 (d, J = 15.8 Hz, 1H, CHHCO;Me), 3.44 (d, J = 15.8 He, 1H,
CHHCOzMe), 3.74 (s, 3H, CO,CH3), 3.93 (dd, J =8.6, 11.9 Hz, 1H, C4-H); 13C NMR (CDClg) & 17.4,
22.5, 22.8, 24.8, 29.6, 30.2, 30.7, 43.8, 46.7, 52.3. 63.8, 90.6, 164.3, 168.2; EIMS m/z (rel. int. %): 269
(M™, 19), 238 (6.4), 226 (40), 196 (53), 126 (100); HRMS (EI) m/z: Calcd for Cj4H23NO4, 269.1627.
Found 269.1609; Anal. Calcd for C14H93NOy4: C, 62.43; H, 8.61 N, 5.20. Found: C, 62.27; H, 8.58; N,
5.05.
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A solution of p-acetamidobenzenesulfonyl azide (1.80 g, 7.5 mmol) in MeCN (5 mL) was added
dropwise to a solution of methyl (R)-3-[3-methyl- 1-oxa-5-azaspiro[5.5]undecan-5-ylj-3-oxopropanoate
(2.00 g, 7.43 mmol) and DBU (1.22 g, 8.00 mmol) in MeCN (10 mL) at 0 °C. After 3 h of stirring at this
temperature, the reaction mixture was partitioned between AcOEt (50 mL) and water (20 mL). The
organic layer was washed successively with 10% NaOH solution (2 x 15 mL), water (2 x 15 mL),
saturated NH4Cl solution (20 mL.), and brine (2 x 15 mL), and dried over anhydrous NazSO,. Filtration
and concentration in vacuo gave the crude product (4.1 g of yellow oil), which was purified by column
chromatography on silica gel (30 g) with hexane-AcOEt (5:1) to provide 13 (2.06 g, 94%) as a yellow
oil; [a]p23 +9.15° (¢=1.03, CHCl3); IR vmax (film): 2128, 1719, 1628, 1399, 1296 cm-!; 1H NMR
(CDCl3) 6: 0.90 (d, J = 6.8 Hz, 3H, C3-CH3), 1.21-1.33 (m, 1H, cyclohexane), 1.41-1.61 (m, 5H,
cyclohexane), 1.80-1.88 (m, 2H, cyclohexane), 2.14-2.27 (m, 1H, C3-H), 2.65 (dt, J = 4.0, 13.0 Hz, 1H,
cyclohexane), 2.68 (dt, J = 4.0, 13.0 Hz, 1H, cyclohexane), 3.13 (dd, /= 11.2, 12.7 Hz, 1H, C2-H), 3.27-
3.35 (m, 2H, C2-H and C4-H), 3.78 (s, 3H, CO,CH3), 3.89 (dd, J = 7.1, 11.2 Hz, 1H, C4-H); 13C NMR
(CDCHh) 8: 16.6, 22.4, 22.9, 25.0, 29.9, 30.9, 31.0, 49.5, 52.1. 64.7, 67.9, 90.4, 160.6, 162.5; FABMS
m/z: 296 (MH™); HRMS (FAB) m/z: Caled for C14H22N104, 296.1610. Found 296.1614; Anal. Calcd
for C14H21N304: C, 56.94; H, 7.17; N, 14.23. Found: C, 57.18; H, 7.29; N, 14.15.

Intramolecular C-H Insertion Reaction of 13 (Table 1, entry 3). Bis(ethyl acetate) adduct of Rhy(S-
PTPA)421:25 (330 mg, 0.21 mmol) was added to a solution of 13 (1.25 g, 4.24 mmol) in CH,Cl; (15 mL)
at 23 °C. After 24 h of stirring at this temperature, the reaction mixture was evaporated in vacuo and the
residue (1.67 g of purple oil) was purified by column chromatography on silica gel (40 g) with hexane-
AcOEt (3:1) to give the inseparable mixture of methyl (5'R,6'R,7'R)-5"-methyl-8'-oxospiro[cyclohexane-
1,2'-{3]oxa[1]azabicyclo[4.2.0]octane]-7'-carboxylate (14) and methyl (5'R,6'S,7'S)-5"-methyl-8'-oxo-
spirofcyclohexane-1,2'-[3]oxaf1]azabicyclo[4.2.0]octane]-7'-carboxylate (15) (532 mg, 47%, 14:13 =
85:15) as a colorless oil; IR vmax (film): 1767, 1740, 1454 cm-!; EIMS m/z (rel. int. %): 267 (M, 27),
224 (81), 124 (100); HRMS m/z: Caled for Cj4H2 1 NOy, 267.1471. Found 267.1482.

14: '"H NMR (CDCl3) 8: 1.13 (d, J = 7.2 Hz, 3H, C5'-CHj3), 1.22-1.58 (m, 6H, cyclohexane), 1.61-1.90
{(m, 4H, cyclohexane and C5'-H), 2.26-2.31 (m, 1H, cyclohexane), 3.59 (dd, J = 2.4, 12.0 Hz, IH, C4-
H), 3.77 (s, 3H, CO,CH3), 3.85 (d, J = 2.0 Hz, 1H, C7-H), 3.98 (dd, J = 2.7, 12.0 Hz, 1H, C4'-H), 4.04
(dd, J=2.0,4.9 Hz, 1H, C6'-H); 13C NMR (CDCl3) 8: 11.6, 21.8, 22.0, 25.1, 29.2, 30.8, 34.8, 49.9, 52.7,
56.6, 64.1, 85.3, 158.4, 167.7.

15: 'H NMR (CDCl3) &: 0.90 (d, J = 6.8 Hz, 3H, C5'-CHj3), 1.20-1.31 (m, 1H, cyclohexane), 1.36-1.53
(m, 4H, cyclohexane), 1.61-1.90 (m, 5H, cyclohexane and C5'-H), 2.21-2.30 (m, 1H, cyclohexane), 3.42
(dd, J=1.7,9.6 Hz, 1H, C6'-H), 3.50 (dd, J=11.2, 12.5 Hz, 1H, C4'-H), 3.62 (d, J = 1.7 Hz, 1H, C7"-H),
3.68 (dd, J = 4.6, 12.5 Hz, 1H, C4"-H), 3.77 (s, 3H, CO2CH3); 13C NMR (CDCl3) & 12.7,21.9, 22.1,
25.1,30.3, 34.9,35.3, 52.6, 52.8, 60.9. 64.1, 85.2, 158.4, 167 4. a
(5'R,6'R,7'S)-7'-Hydroxymethyl-5'-methylspiro|cyclohexane-1,2'-[3Joxa[1]azabicyclo[4.2.0]octan]-
8-one (5) and (5'R,6'S,7'R)-7'-Hydroxymethyl-5'-methylspiro[cyclohexane-1,2'-[ 3]oxa[ 1 Jazabicyclo-
[4.2.0]octan]-8-0ne (16). A solution of the mixture of 14 and 15 (Table 1, entry 3, 14:15 = 85:15, 490
mg, 1.95 mmol) in THF (2 mL) was added dropwise to a solution of LiBH4 (50 mg, 2.38 mmol) in THF
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(2 mL) at 0 °C. After 3 h of stirring at this temperature, the reaction was quenched with water (2 mL).
The whole mixture was poured into a two layer mixture of EtpO (20 mL) and water (10 mL.), and the
layers were separated. The aqueous layer was extracted with AcOEt (2 x 15 mL), and the combined
organic layers were washed with brine (2 x 5 mL), and dried over anhydrous NapSOg4. Filtration and
evaporation in vacuo furnished the crude product (520 mg of colorless oil), which was purified by
column chromatography on silica gel (40 g) with AcOEt to afford 5 (368 mg, 79%) as colorless plates
and 16 (51.5 mg, 11%) as a colorless oil.

5: mp 159-160 °C (AcOEt-hexane) (lit.,!! mp 159-160 °C); [alp?! +17.0° (¢=0.79, CHCI3) {lit.,!!
[alp23 +16.9° (c=1.06, CHCl3)}; IR vmax (Nujol): 3436, 1732, 1372, 1042 cm!; TH NMR (CDCl3) &
1.11 (3, J = 7.3 Hz, 3H, C5-CHj3), 1.31-1.52 (m, 4H, cyclohexane), 1.55-1.08 (m, 6H, cyclohexane and
C5'-H), 2.22-2.38 (m, 1H, cyclohexane), 3.19 (ddd, J = 1.7, 6.5, 10.0 Hz, 1H, C7'-H), 3.47 (br s, 1H,
OH), 3.58 (dd, J = 2.7, 12.2 Hz, 1H, C4'-H), 3.71 (dd, J = 1.7, 5.0 Hz, 1H, C6'-H), 3.82-4.00 (m, 3H,
CH,0H and C4'-H); 13C NMR (CDCl3) &: 11.7, 21.8, 22.1, 25.2, 29.6, 31.1, 34.8, 50.0, 54.6, 59.7, 64.4,
85.0, 164.7; EIMS m/z (rel. int. %): 239 (M*, 30), 196 (100); HRMS m/z: Caled for Cj3H3NO3,
239.1522. Found 239.1534; Anal. Calcd for C13HyNO3: C, 65.24; H, 8.84; N, 5.85. Found: C, 64.93;
H, 8.77; N, 5.84.

16: [a]p23 +20.7° (c=1.99, CHCl3): IR vmax (film): 3436, 2936, 1732, 1372, 1042 cmr'!; 'TH NMR
(CDCI3) 3: 0.87 (d, J = 6.6 Hz, 3H, C5'-CHj3), 1.32-1.57 (m, 4H, cyclohexane), 1.59-1.80 (m, 6H,
cyclohexane and C5'-H), 2.23-2.80 (m, 1H, cyclohexane), 2.80 (br s, 1H, OH), 2.93 (ddd, J = 1.6, 6.0,
6.0 Hz, 1H, C7'-H), 3.08 (dd, J = 1.6, 10.0 Hz, 1H, C6'-H), 3.45 (dd, J = 11.2, 12.0 Hz, 1H, C4'-H), 3.65
(dd, J = 4.4, 12.0 Hz, 1H, C4'-H), 3.83-3.95 (m, 2H, CH,0H); !3C NMR (CDCl3) &: 12.9, 22.0, 22.2,
25.2, 30.4, 35.0, 35.5, 53.1, 59.6, 59.8, 64.4, 84.7, 164.8; EIMS m/z (rel. int. %): 239 (M, 27), 196
(100); HRMS m/z: Caled for Cj3H1NOj3, 239.1522. Found 239.1539; Anal. Caled for Cj3HNO3: C,
65.24; H, 8.84; N, 5.85. Found: C, 65.03; H, 8.82; N, 5.83.
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